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(57) ABSTRACT 

A flexible built-in self-test (BIST) circuit is incorporated 
into an integrated circuit (IC) for testing one or random 
access memories or other memories embedded in an inte- 
grated circuit regardless of the number, size or test require- 
ments of the memories. Input data from a controller that may 
be conveniently partitioned among components internal and 
external to the IC, supplies data to the BIST circuit indicat- 
ing the size of the embedded memories to be tested and 
selecting from among several modes of BIST operation. 

16 Claims, 10 Drawing Sheets 
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PARTITIONABLE EMBEDDED CIRCUIT 
TEST SYSTEM FOR INTEGRATED CIRCUIT 

CROSS-REFERENCE TO RELATED 

APPLICATION 5 

This application claims benefit of Provisional Application 
No. 60/160,233 filed Oct. 18, 1999. The entire disclosure of 
Provisional Application No. 60/160,233 is hereby incorpo- 
rated by reference herein. 1Q 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates in general to a system for 
testing circuits embedded in an integrated circuit (IC), and 15 
in particular to a system that may be flexibly partitioned 
between components internal and external to the IC. 

2. Description of Related Art 

Many integrated circuits (ICs) include one or more 20 
embedded circuits such as random access memories 
(RAMs). While logic circuits implemented in an IC itself 
may read or write access an embedded RAM, the bus 
conveying data, address and control signals between the 
RAM and the logic circuits read and write accessing it may ^ 
not be accessible to external test equipment via the ICs 
input/output (I/O) terminals. Conventional IC testers exter- 
nal to the IC therefore can't directly test such an embedded 
RAM. 

One way to allow an external IC tester to test an embed- 30 
ded RAM is to link the RAM's I/O ports to the ICs I/O 
terminals. However this approach requires a large number of 
extra I/O terminals to accommodate the RAM's I/O ports 
and can require a substantial amount of scarce space within 
the IC to route large buses between each embedded RAM 35 
and the ICs I/O terminals. Another way to allow provide a 
IC tester with access to terminals of an embedded RAM or 
other circuit is multiplex its terminals onto I/O terminals of 
other circuits so that an IC tester can selectively access the 
embedded circuit terminals as illustrated in FIG. 1. This 40 
approach can eliminate the need for extra I/O terminals, but 
can still require substantial amounts of IC space for routing 
the large embedded memory buses. 

FIG. 2 illustrates a third approach to providing an IC 
tester with access to an embedded circuit. A "built-in self- 45 
test" (BIST) circuit is formed on the IC that is designed to 
test the embedded circuit. A BIST circuit may require 
relatively few connections to the ICs I/O terminals for 
communicating with external test circuits. Thus when the 
BIST circuit is located proximate to the RAM or RAMs it 50 
tests, signal routing paths between the BIST circuit and the 
I/O terminals can require less space on the IC than would be 
required if the RAMs' I/O ports were directly routed to the 
ICs I/O terminals. The number and nature of the connec- 
tions between the BIST circuit and the ICs I/O terminals 55 
depend on the nature of the test to be performed and on how 
test functions are apportioned between the ICs internal 
BIST circuit and equipment external to the IC that commu- 
nicates with the BIST circuit. For example a self-contained 
BIST circuit carrying out all aspects of a simple pass/fail test 60 
may require only a START signal input to initiate the test, a 
DONE signal output to indicate the test is complete, and a 
PASS/FAIL signal output to indicate the results of a test. 
When the BIST circuit requires an external controller pro- 
viding timing signals for sequencing address and data 65 
generation, additional IC I/O ports are needed to supply 
those timing signals to the BIST circuit. Also more I/O 
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terminal connections may be needed when the BIST circuit 
is to report the address of each defective memory cell to 
external test circuits. 

When an IC includes more than one embedded RAM it is 
possible to use a single BIST circuit to test each RAM in 
turn, provided however that all RAMs are similar and are to 
be tested in the same manner. But this approach requires 
routing large buses within the IC for connecting a central 
BIST circuit to each embedded RAM, and those buses can 
require substantial space in the IC. It not possible to use a 
single BIST circuit for testing multiple embedded RAMs 
when the embedded RAMs have differing address ranges or 
are to be tested in different ways. 

To the extent possible, an IC designer usually prefers to 
design the layout of an IC by defining interconnections 
between a set of "standard cells", each standard cell speci- 
fying the layout within an IC of a component having a 
specific function. For example a standard cell might define 
the layout of an embedded memory, an I/O port, or any of 
many types of logic circuits. The designer's job is simplified 
when it is not necessary for him to design any cells in detail 
or to substantially modify the design of any standard cell 
when incorporating it into an IC. 

Since each RAM embedded in an IC may be of differing 
size and have differing test requirements, an IC designer will 
typically provide a separate customized BIST circuit for 
each embedded RAM. A number of other factors also 
influence the nature of a BIST design. For example the 
available space within an IC and the number of available I/O 
terminals can influence how we apportion test functions 
between a BIST circuit and external test circuits. 

Since IC designers must custom design a test system for 
each IC to suit the nature of its embedded RAMs, they find 
BIST systems difficult to implement. What is needed is a 
system for testing RAMs embedded in an IC that allows a 
designer to flexibly apportion test functions between internal 
BIST circuits and external test circuits and which can test 
embedded RAMs of varying numbers and sizes in any of 
several ways, but which the designer can easily implement 
using standard cells requiring minimal modification. 

SUMMARY OF THE INVENTION 

A test system in accordance with the invention includes a 
built-in self -test (BIST) circuit incorporated into an inte- 
grated circuit (IC) for testing one or more random access 
memories (RAMs) of varying size embedded in the IC. 
During normal circuit operation logic circuits implemented 
within the IC read and write access the RAMs. During a 
RAM test, the BIST system disconnects the logic circuits 
from the RAMs and connects internal test circuits to the 
RAMs I/O ports to enable them to test the RAMs. 

The BIST circuit is capable of operating in any of several 
modes when testing each embedded RAM, with its mode of 
operation being selected by a controller that may be conve- 
niently implemented internal or external to the IC. Select- 
able modes include: 
a RAM "pass/fail" mode in which the BIST circuit tests 
each address of each RAM and generates an output 
FAILX signal indicating wherein any address of any 
RAM is defective; 
a "bit map" mode in which the BIST circuit tests each 
address of each RAM and produces output data indi- 
cating the pass/fail status of each bit at that RAM 
address, thereby providing a map of defective RAM 
storage bits; 

a "word map" mode in which the BIST circuit tests each 
RAM address and produces an output signal indicating 
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whether that RAM address is defective, thereby pro- 
viding a map of defective RAM addresses; 
a "scan capture" mode in which the BIST circuit captures 
data appearing on each RAM's bus in a scan register in 
response to a CAPTURE signal from the external 5 
control and serially shifts it out to (he controller in 
response to a SHIFT signal from the controller; and 
a "scan force" mode in which the BIST circuit receives 
and stores data from the controller in the scan register 
and forces it ooto the bus of an embedded RAM in 10 
response to a FORCE signal from the controller. 
In accordance with another aspect of the invention, the 
BIST circuit includes a set of "core wrappers", each incor- 
porated into the IC near a corresponding one of the embed- 
ded RAMs. Each core wrapper includes a test circuit that it 15 
connects to the bus of its corresponding RAM during a test. 
When connected to the bus of its corresponding RAM, each 
test circuit writes data into each RAM address within the 
RAM's range of addresses, reads data out of each RAM 
address, and compares the data it reads out of each RAM 20 
address to the data it wrote into that RAM address to 
determine whether the RAM address is defective. 

Each test circuit pulses an output error signal (CERR) 
whenever it determines a RAM address is defective, con- 
tinuously asserts another output error signal (FAIL) after 25 
determining any RAM address is defective, and asserts a 
DONE signal when it has completed testing all RAM 
addresses. A glue logic circuit included in the I C logically 
ANDs the DONE output signals of the test circuits of all 
core wrappers to produce a single output DONEX signal, 30 
logically ORs the FAIL output signals of the test circuits of 
all core wrappers to produce a single output FAILX signal 
and multiplexes the CERR output signal of the test circuits 
of all core wrappers to select one of the them as a single 
output CERRX signal in response to selection data from an 35 
external controller. The controller monitors the DONE sig- 
nal to determine when the test is complete during all modes 
of operation, monitors the FAILX signal during the pass/fail 
mode of operation to determine whether any IC is defective, 
and selects and monitors the glue logic output CERRX 40 
signal during the word map mode of operation to determine 
which memory addresses are defective. 

In accordance with another aspect of the invention the 
controller sends each the test circuits within each core 
wrapper MIN, MAX data defining the range of addresses of 45 
the corresponding RAM. When it tests the RAM in any 
mode of operation, each test circuit restricts its test activities 
to that range of addresses. 

In accordance with another aspect of the invention, the 
controller sends ROW/COL data to the test circuit of each so 
core wrapper controlling whether the test circuit accesses 
RAM addresses on a row-by-row or column-by-column 
basis in any mode of operation. 

In accordance with another aspect of the invention, each 
core wrapper includes a scan register for storing data appear- 55 
ing on the bus of the corresponding RAM in response to an 
input CAPTURE signal and for shifting that data out to a test 
circuit external to the IC in response to an input SHIFT 
signal when operating in the scan capture mode. 

In accordance with another aspect of the invention, the 60 
test circuit within each core wrapper generates RESULTS 
data after testing each address of the corresponding RAM, 
when operating in the bit map mode. The results data 
indicates whether each bit of data written into that RAM 
address matches a corresponding bit of data read back out of 65 
that RAM address. The RESULTS data provides an addi- 
tional input to the scan register so that may be stored in the 
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scan register in response to the CAPTURE signal and shifted 
out to the controller in response to the SHIFT signal. 

The controller provides DIAG input data to the test circuit 
within each core wrapper controlling whether it is to operate 
in the bit map mode. When operating in the other modes a 
tester tests each successive RAM address without waiting 
for the external control to capture and acquire RESULTS 
data. In the bit map mode, each tester waits for a READY 
signal from a controller after testing each RAM address 
before testing a next RAM address. The wait allows the 
controller time to capture and acquire the RESULTS data 
stored in the scan register. 

In accordance with a further aspect of the invention, the 
function of the controller may be flexibly partitioned 
between a controller implemented internal to the IC, a 
controller implemented outside the IC, and a conventional 
general purpose integrated circuit tester without modifying 
the nature of the core wrappers or the glue logic circuit. 

It is accordingly an object of the invention to provide a 
system for testing one or more RAMs of varying size 
embedded in an IC. 

It is another object of the invention to provide a test 
system allowing an IC designer to flexibly select a manner 
in which each RAM is tested and to flexibly apportion test 
functions between test circuits internal and external to the 
IC. 

It is a further object of the invention to provide an 
embedded memory test system that may be easily incorpo- 
rated into an IC using standard cells requiring minimal 
customization, regardless of the size and number of embed- 
ded RAMs and regardless of the nature of the test or tests to 
be performed on each embedded RAM. 

The concluding portion of this specification particularly 
points out and distinctly claims the subject matter of the 
present invention. However those skilled in the art will best 
understand both the organization and method of operation of 
the invention, together with further advantages and objects 
thereof, by reading the remaining portions of the specifica- 
tion in view of the accompanying drawing(s) wherein like 
reference characters refer to like elements. 

BRIEF DESCRIPTION OF THE DRAWING(s) 

FIGS. 1 and 2 illustrate in block diagram form prior 
systems for testing an integrated circuit including an embed- 
ded circuit; 

FIGS. 3A-3C and 4 illustrate in block diagram form a 
system in accordance with the invention for testing an 
integrated circuit including an embedded circuit; 

FIG. 5 illustrates in block diagram form a system in 
accordance with the invention for testing an integrated 
circuit including several embedded random access memo- 
ries; 

FIG. 6 illustrates a typical core wrapper of FIG. 5 in more 
detailed block diagram form; 

FIGS. 7-11 illustrate alternative embodiments of the test 
system of the present invention in block diagram form, 

FIG. 12 illustrates the pattern generator of FIG. 6 in more 
detailed block diagram form; 

FIG. 13 illustrates the pattern generator of FIG. 6 in more 
detailed block diagram form; 

FIG. 14 illustrates the filter of FIG. 13 in more detailed 
block diagram form; 

FIG. 15 illustrates a suitable implementation of the glue 
logic circuit of FIG. 5 in more detailed block diagram form; 

FIG. 16 illustrates in block diagram form an alternative 
embodiment of a system in accordance with the invention 
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for testing an integrated circuit including several embedded 
random access memories; and 

FIG. 17 illustrates a typical core wrapper of FIG. 16 in 
more detailed block diagram form. 

5 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT^) 

FIGS. 3A-3C and 4 illustrate alternative versions of a 
system in accordance with the present invention for testing jo 
a circuit 1 such as one or more random access memories 
embedded in an integrated circuit (IC) 2A-2D along with 
other circuits 3. Embedded circuit 1 communicates with 
other circuits 3 via input/output (I/O) terminals 4 that may 
be accessed by an external IC tester 5. However since the ^ 
bus 6 linking embedded circuit 1 to other circuits 3 is not 
linked to IC I/O terminals, IC tester 5 cannot directly test 
embedded circuit 1. However as illustrated in FIGS. 3Aand 
3B, a built-in, self-test (BIST) circuit 7 is provided within 
integrated circuit 2A or 2B to access bus 6 and test embed- 2Q 
ded circuit 1. BIST circuit 7 communicates with a BIST 
controller circuit 8 which, as illustrated in FIG. 3A, may be 
implemented by a separate IC mounted on the same circuit 
board (load board 9) on which IC 2A is mounted when being 
tested by IC tester 5. BIST controller circuit 8 may alterna- ^ 
lively be located within the IC 2B as illustrated in FIG. 3B. 
BIST circuit 7 is suitably located near embedded circuit 1 to 
minimize the IC space needed to route bus 6 to BIST circuit 
7. BIST circuit 7 receives commands from and reports test 
results to BIST controller 8 through a relatively small bus 3Q 
4B. BIST controller 8 communicates with IC tester 5 via a 
small bus 4C. BIST circuit 7 and BIST controller 8 not only 
test embedded circuit 1, they also eliminate the need to route 
a large bus 6 between IC tester 5 and embedded circuit 1. 

Alternatively, as illustrated in FIG. 3C, tester 5 may 35 
directly access a BIST circuit 7 within an IC 2C via bus 4B 
and carry out the function of BIST controller 8. As shown in 
FIG. 4, when it convenient to route bus 6 to I/O terminals of 
an IC 2D, the functions of a BIST circuit and a BIST 
controller can be carried out by a "built-off self-test" ^ 
(BOST) circuit 13 mounted on a load board 9 and commu- 
nicating with IC tester 5 through bus 4B. BOST controller 13 
as well as BIST controller 8 of FIGS. 3A and 3B can be 
implemented as a field programmable gate array. 

Thus the task of testing embedded circuit 1 can be 45 
conveniently partitioned between an IC tester 5, a BIST 
circuit 7, a BIST controller 8 and a BOST circuit 13. This 
flexibility in placing test circuit functionality is helpful, for 
example, when an integrated circuit chip is being developed. 
In many cases, a designer may want to experimentally 50 
determine how to best configure a BIST system to test an 
embedded circuit by trying out several different test designs. 
However it is too time consuming and expensive to produce 
a series of development IC's having differently configured 
BIST systems. The flexible system of the present invention 55 
allows the designer to initially produce a development chip 
that does not include the BIST circuit and/or its controller. 
The designer can then test the embedded circuit in the 
development IC using various external BIST controller or 
BOST configurations to see which is most suitable. There- go 
after the best BIST controller or BOST configuration can be 
incorporated into a production version of the IC. 

For example, IC 2A of FIG. 3A may be a development 
chip including the embedded circuit 1 to be tested and the 
internal BIST circuit 7, but which does not include a BIST 65 
controller 8. An external BIST controller 8 may then be 
coupled to BIST circuit 7, for example, through contact 
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points 4D (e.g. probe contact pads) on IC 2 A or via dedi- 
cated IC terminals. The external BIST controller 8 can then 
be developed and hardware and/or software modified to 
control BIST 7 so that it appropriately tests embedded circuit 
1. Later, as illustrated in FIG. 3B, elements of the external 
BIST controller circuit 8 of FIG. 3A as developed and 
modified can be directly incorporated into the production 
version 2B of the I C as an internal BIST controller. 

Also, referring to FIG. 4, a development chip 2D includ- 
ing an embedded circuit 1 can be provided without either a 
BIST circuit or a BIST controller. In such case an external 
BOST circuit 13 accessing bus 6, for example through 
probes 6A contacting pads 6B connected to bus 6 or dedi- 
cated IC terminals, can be developed and modified to 
appropriately test embedded circuit 1. Thereafter as illus- 
trated in FIG. 3C, a BIST circuit 7, mimicking relevant 
elements of the developed BOST circuit 13 can be placed on 
a production version 2C of the IC. 

Alternatively, after configuring the BOST circuit 13 of 
FIG. 4 to test the development IC 2D of FIG. 4, the BOST 
circuit design can be partitioned into a BIST circuit 7 and a 
BIST controller 8, with the BIST circuit 7 only being 
included in a production version 2A of the IC as illustrated 
in FIG. 3A, or with both BIST 7 and BIST controller 8 being 
incorporated into a production version 2B of IC as illustrated 
in FIG. 3B. 

Embedded Memory Test System 

FIG. 5 is a block diagram of a test system 17 illustrating 
a version of the test system of the present invention as 
applied to an integrated circuit (IC) 10 including several 
embedded random access memories (RAMs) 12. In addition 
to one or more embedded random access memories (RAMs) 
12, IC 10 includes logic circuits 14, 16 for read or write 
accessing RAMs 12, for communicating with external cir- 
cuits though IC input/output (I/O) terminals 18, and for 
communicating with one another through internal lines or 
buses 20. A conventional external integrated tester 21 is 
provided to perform a logic test on logic circuits 14, 16 by 
applying input signal patterns to I/O terminals 18 and 
monitoring output signals patterns logic circuits 14, 16 
produce at I/O terminals 18 in response to the input signal 
patterns. 

RAM Testing 

Test system 17 includes a built-in self-test (BIST) circuit 

11 incorporated into IC 10 for carrying out or facilitating any 
of several different types of tests on IC 10 including directly 
testing each RAM 12, and assisting in tests of logic circuits 
14, 16. Since the I/O port of RAMs 12 are not directly 
accessible to tester 21, tester 21 cannot directly test their 
operation to determine whether each address of each RAM 

12 is correctly storing and reading out data. BIST circuit 11 
is therefore provided to test RAMs 12 by disconnecting 
logic circuits 14, 16 from RAMs 12 and directly read and 
write accessing them via their I/O ports. 

Shadow Logic Testing 

BIST circuit 11 also gives IC tester 21 a view of data 
appearing on the buses 32 that logic circuits 14, 16 use to 
read and write access RAMs 12. Logic circuits 14 are "I/O 
visible" to tester 21 in the sense that they include a sufficient 
number of nodes directly linked to I/O terminals 18 that 
tester 21 can adequately monitor the behavior of logic 
circuits 14 during a test. On the other hand, "shadow" logic 
circuits 16 read and write access RAMS 12 and communi- 
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cate with logic circuits 14, but have few (if any) nodes of 
interest directly connected to I/O terminals 18. Thus during 
a logic test, tester 21 is not able to directly monitor the 
behavior of nodes of interest within shadow logic circuits 16 
via I/O terminals 18. Shadow logic circuits 16 derive their 
name from the notion that they are in the "shadow" of visible 
logic circuits 14 and RAMs 12 from the point of view of 
tester 21. When tester 21 cannot directly stimulate or moni- 
tor the behavior of various nodes of interest within IC 10, it 
can be difficult to determine the source of IC test failures 
based solely on data the tester acquires at I/O terminals 18. 
As discussed below, test system 17 of the present invention 
enables tester 21 to directly view nodes of interest not 
directly connected to I/O terminals 18 of IC 10. In particular, 
BIST circuit 11 allows tester 21 to monitor data traveling 
between logic circuits 14, 16 and RAMs 12 on buses 32 
during memory accesses. BIST circuit 11 can also simulate 
the operation of RAM 12 by forcing known data onto buses 
32. 

BIST Circuit Portability 

An IC designer typically designs the layout of an IC by 
defining interconnections between a set of "standard cells", 
each standard cell specifying the layout within an IC of a 
circuit component having a particular function. For example 
a standard cell might define the layout of an embedded 
RAM, an I/O port, or any of many types of logic circuits. 
The designer's job is simplified when it is not necessary for 
him to modify a standard cell when incorporating it into an 
IC design. However since embedded RAMs vary in size and 
testing requirements from IC-to-IC, prior art BIST circuits 
for testing embedded RAMs had to be customized to accom- 
modate the particular number of RAMs embedded in the IC, 
for the particular size of each embedded RAM and for each 
kind of test to be performed. One of the objects of the 
invention is to provide a BIST circuit 11 that may be 
implemented in the form of standard cells for incorporation 
into almost any integrated circuit having one or more 
embedded RAMs with little modification regardless of the 
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connects its corresponding RAM 12 through a bus 32 
(including data, address and read/write control lines) to the 
logic circuits 14 and 16 that read and write access that RAM. 
BIST circuit 11 also operates in the user mode when IC tester 
21 is performing a conventional logic test on logic circuits 
14, 16 thereby providing each logic circuit 14, 16 with 
access to the appropriate during such test. 

Scan Capture Mode 

Each logic circuit 14, 16 may include an internal parallel- 
in, serial-out shift register (a "scan register"), and scan 
registers within all logic circuits are linked to tester 21 
through a conventional scan bus 23. Each node of interest 
within any logic circuit 14, 16 may provide a separate input 
to a scan register. At any time during a test, tester 21 may 
transmit a CAPTURE signal to the scan registers within 
logic circuits 14 and 16 via a line of a scan bus 23 telling 
them to load their input data. Tester 21 may thereafter 
serially shift that data outward from the scan registers via a 
SCANOUT line of scan bus 23. This gives tester 21 the 
ability to acquire a "snapshot" view of the states of a large 
number of internal circuit nodes not otherwise accessible via 
I/O terminals 18. 

In accordance with the invention, each core wrapper 24 
also includes a scan register 46 accessible through scan bus 
23. In a "scan capture" mode of operation, the scan register 
within each core wrapper 24 responds to the CAPTURE 
signal on scan bus 23 by storing the data, address and control 
information appearing on the bus 32 providing logic circuits 
14, 16 with access to RAM 12. When tester 21 acquires scan 
data from the scan registers within logic circuits 14 and 16 
via scan bus 23, it also acquires the RAM bus data stored in 
the scan registers within core wrappers 14. Thus in the scan 
capture mode of operation, core wrappers 24 provide tester 
10 with a snapshot view of states of logic circuit 14, 16 
input/output signals appearing on RAM buses 32. 

Scan Force Mode 
The scan register within each core wrapper 24 includes a 



number and sizes of RAMs embedded in the IC, and 40 section connected to lines of the RAM bus 32 that convey 



regardless of the nature of the test to be performed on each 
RAM. 

BIST Control Partitioning 

BIST circuit 11 requires a controller for configuring it to 
carry out the desired tests on RAMs 12 and for receiving test 
results. BIST circuit 11 requires relatively few connections 
to its controller and allows flexibility in the partitioning of 
BIST control functions between internal and external control 
circuits. For example controller functions may be imple- 
mented by IC tester 21 as illustrated in FIG. 5, by a BIST 
controller embedded in I C 10 itself, by a BIST controller 
external to the IC, by a conventional, general purpose 
integrated circuit tester (automated test equipment), or by a 
combination of internal and external BIST controller and IC 
tester. 

BIST circuit 11 has several modes of operation that allow 
it to test RAMs 12 and report test results in various ways, 
and to assist IC tester 21 in performing logic tests on logic 
circuits 14, 16. Each operating mode is discussed below. 

User Mode 

BIST circuit 11 includes a separate "core wrapper" 24 
positioned near each RAM 12. During normal IC 10 
operation, when IC 10 is not being tested, BIST circuit 11 
operates in a "user" mode in which each core wrapper 24 



the data output of RAM 12 to logic circuits 14, 16. Before 
carrying out an IC logic test at I/O terminals 18, tester 21 can 
shift data into that section of the scan register within each 
core wrapper 24 via scan bus 23. Thereafter, when testing 
45 the logic of logic circuits 14 and 16, IC tester 21 can assert 
a FORCE signal line of SCAN bus 23 telling each core 
wrapper 24 to force the data stored in that section of its 
internal scan register onto the data output lines of RAM bus 
32 in lieu of any data currently being read out of the RAM 
50 12. Thus any logic circuit 14 and 16 attempting to read 
access any RAM 12 address will receive the data stored in 
a scan register instead of the data stored at that RAM 
address. This force testing capability allows tester 21 to 
bypass RAMs 12 and to directly provide input data to each 
55 shadow logic circuit 16 via data lines of RAM bus 32 during 
a logic test. 

RAM Pass/Fail Mode 

A RAM is defective when any one of its addressable cells 
60 is defective, so IC test engineers would like to be able to test 
each cell to make sure that it is correctly storing and reading 
out data. But since RAMs 12 are not directly accessible to 
tester 21 via I/O terminals 18, it can be difficult to design a 
test that tester 21 can carry out at I/O terminals 18 that will 
65 ensure that every RAM 12 address is properly tested. 

It is helpful to be able to directly test embedded RAMs 12 
independent of the operation of logic circuits 14, 16. Some 
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prior art embedded memory testing systems allow an exter- 
nal IC tester to directly test RAMs 12 by multiplexing their 
address, data and control lines 32 onto I/O terminals 18. 
During normal IC operation or during a normal logic test, 
terminals 18 would be connected to logic circuits 14, but 
during memory tests terminals 18 would be connected to 
RAM 12 input/output lines 32. However this approach 
requires us to route a large bus 32 from each RAM 12 to I/O 
terminals 18, and routing large buses often requires too 
much scarce space in an IC. 

In the BIST circuit 11 of the present invention, each core 
wrapper 24 may be configured to operate in a pass/fail RAM 
testing mode in which it disconnects its RAM 12 from lines 
32 and connects it instead to test circuits within the core 
wrapper itself. The test circuit of each core wrapper 24 then 
directly read and write accesses each address of RAM 12, 
comparing data written into the address to the data read back 
out to determine whether they match. When a core wrapper 
24 detects a RAM 12 failure it asserts an output error signal 
(FAIL) and continues to assert the FAIL signal for the 
duration of the RAM test. When the test is complete, each 
core wrapper 24 asserts an output DONE signal. Thus the 
state FAIL signal output of each core wrapper 24 at the end 
of the test indicates whether its corresponding RAM passed 
or failed the RAM test. 

The DONE and FAIL signal outputs of each core wrapper 
24 could be provided directly to tester 21 so that tester 21 
could determine when each core wrapper 24 has finished the 
test and can determine which RAMs 12, if any, failed. 
However when tester. 21 only needs to know if any RAM 
failed the test, it is not necessary to provide it with a separate 
FAIL signal output from each core wrapper. As shown in 
FIG. 5 IC 10 includes a "glue logic" circuit 33 for logically 
combining (for example "ORing") the FAIL signal outputs 
of core wrappers 24 to produce a single output FAILX signal 
provided to IC tester 21 indicating when any RAM 12 failed 
its RAM test, and for combining (suitably "ANDing") the 
DONE output signals of core wrappers 24 to produce a 
single DONEX signal indicating that all RAM tests are 
complete. 

Glue logic circuit 33 may alternatively multiplex the FAIL 
and DONE signal outputs of core wrappers 24 onto the 
FAILX and DONEX signals, with the selection being con- 
trolled by IC tester 21. This gives tester 21 the ability to 
successively inspect the FAIL output of each core wrapper 
24 via the single DONEX connection to determine which 
RAMs 12 failed the test. Glue logic circuit 33 includes an 
internal control register ("a JTAG register") for holding data 
controlling glue logic circuit logic. Tester 21 write accesses 
that control register via a conventional JTAG bus 25 in order 
to configure the logic operations it carries out on the FAIL 
and DONE signals. 

Each core wrapper 24 also includes an internal JTAG 
register accessed by tester 21 via JTAG bus 25 for storing 
data for controlling their operations. Tester 21 initiates a 
pass/fail RAM test by first setting and resetting a RESET bit 
in the JTAG registers within core wrappers 24 to reset their 
DONE and FAIL signal outputs and to initialize them to 
carry out RAM tests. Tester 21 also sets a MODE bit in the 
JTAG register within each core wrapper 24 to tell it to 
disconnect its local RAM 12 from its RAM bus 32 and to 
re-connect the RAM to an internal test circuit within the core 
wrapper. Tester 21 also writes a separate set of MIN and 
MAX data into the JTAG registers within each core wrapper 
24 to tell each core wrapper 24 the address range of the 
RAM 12 it is to test. Tester 21 then sets a START bit in the 
JTAG register within each core wrapper to tell it to begin 
testing its corresponding RAM 12. 
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Each core wrapper 24 then tests its RAM 12, asserts its 
FAIL output signals if it detects a RAM error, and asserts its 
output DONE signal at the end of the test. Glue logic circuit 
33 then supplies its FAILX signal and DONEX signal tester 

5 21. When glue logic circuit 33 is configured to AND the 
DONE signals and OR the FAIL signals to produce the 
FAILX and DONEX signals, tester 21 checks the state of the 
FAILX signal output of glue logic circuit 33 when the 
DONEX signal is asserted to determine whether any RAM 

10 12 failed the RAM test. When glue logic circuit 33 is 
configured to multiplex the DONE signals and multiplex the 
FAIL signals to produce the FAILX and DONEX signal, 
tester 21 checks the state of the FAILX signal output of glue 
logic circuit 33 when the DONEX signal is asserted to 
determine whether one particular RAM 12 has failed its 

15 RAM test. Tester 21 may then use the JTAG bus to recon- 
figure glue logic circuit 33 to select the DONE and FAIL 
output of another core wrapper 24 and repeat the process to 
determine whether a next RAM 12 is defective, 

M RAM Bit Map Mode 

It is sometimes helpful to know the particular location 
within each RAM 12 of every defective bit. For example, 
RAMs 12 may include spare rows or columns of memory 
cells for replacing rows or columns of cells containing one 

25 or more defective memory cells. When an external RAM 
repair system lcams the addresses of defective cells within 
each RAM 12, it can reconfigure the RAMs so to use a spare 
row or column in lieu of any row or column containing a 
defective memory cell, for example by using a laser to alter 
signal routing paths within the RAM. Such RAM repair 

30 technology is well-known. In order to make use of spare row 
and column replacement, it is necessary for the repair circuit 
to know the row and column address of memory cells of 
RAMs 12 that fail a test as well as the particular bit or bits 
of that memory cell that failed. In its "bit map" mode of 

35 operation, each core wrapper 24 loads test result data for 
each addressable memory cell into its internal scan register 
so that tester 21 can acquire that data via scan bus 23. The 
result data indicates whether each bit of the memory cell is 
defective. The result data IC tester acquires for all memory 

40 cells forms a bit map of the defective storage locations 
within each RAM 12 that may be provided to an external 
RAM repair system. 

To initiate a bit map mode RAM test, tester 21 first writes 
the MODE bit and a DIAG bit into the JTAG register within 

45 glue logic circuit 33. The MODE bit tells each core wrapper 
24 that it is to connect its test circuit to its RAM 12, and the 
DIAG bit tells each core wrapper 24 that it is to perform a 
bit map mode test rather than a pass/fail mode test. Tester 21 
then sets the START bit in the JTAG register to tell each core 

50 wrapper 24 to begin to test the first address of its RAM 12 
and to make its test results available at the input of its 
internal scan register. In this mode each core wrappers 24 
then assert its output DONE signal after testing its first 
address, thereby causing glue logic circuit 33 to pulse its 

55 output DONEX signal Tester 21 responds to the DONEX 
signal by pulsing the CAPTURE signal line of scan bus 23 
to tell core wrappers 24 to load test results data into their 
scan registers and by repeatedly pulsing a SHIFT signal fine 
of scan bus 23 to shift the test results out of the scan registers 

60 via a SCANOUT line of scan bus 23 so that tester 21 can 
acquire the results data. Tester 21 then pulses a READY 
signal input to core wrappers 24 telling them to test a next 
memory address. The process repeats for each memory 
address so that by the end of the test, tester 21 will have 

65 acquired test results for every memory address. Tester 21 
may then, for example, forward the test results to an external 
repair system. 
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RAM Word Map Mode and to data out lines (DATA_OUT) of bus 32 leading to 

„„ « , „ . logic circuits 14 and 16 of FIG. 5. However when tester 21 

When a core wrapper 24 operates in a W map mode ^ fi asserts ^ FQRCE &i multi !exer <g forccs a 

tester 21 is able to acquire a map of defective RAM WOfd (SC AN_INSERT) stored in scan register 46 onto the 

addresses for any particular RAM 12 although, unlike the bit DATA_OUT lines of bus 32 so that logic circuits 14, 16 of 

map mode, tester 21 does not learn which particular bits of FIG 5 see the SCAN_INSERT data stored in register 46 

each defective address are defective. The advantage to the inslead of the data slored in ram 2 \ when ihey attempt to 

word map mode is that it is not necessary for the system to read access RAM 12. To load the SCAN_INSERT data into 

stop after each test to provide IC tester 21 with the time it scan register 46, tester 21 serially shifts the SCAN_INSERT 

needs to acquire results data after each RAM address is data onto the SCAN_IN line of scan bus 23 as it pulses the 

tested. 10 SHIFT signal. 

During a RAM test, when a core wrapper 24 detects a Tester circuit 40 includes a pattern generator 50 clocked 
defective memory cell, it pulses an output current error by the CLOCK signal for generating data, address and 
signal (CERR). When BIST 11 is to operate in a "word map" control data patterns supplied as inputs to RAM 12 via 
mode, tester 21 writes data to a JTAG register within glue multiplexers 42-44 during a RAM test. Pattern generator 50 
logic circuit 33 telling it to provide the DONE signal and writes data into each address of RAM 12 and then signals 
CERR output signal of a particular one of core wrappers 24 12 t0 read il t> ack out - During RAM 12 read cycles, 
as DONEX and CERRX inputs to tester 21. Therefore when P aUera generator 50 sends a COMP signal to a data corn- 
tester 21 initiates a RAM test, tester 21 sees the DONE and P arator 52 c ° m P are f * c data P a "em generator 50 
CERR outputs of only one core wrapper 24. During each in wro J e In !° a 1 , RA f 4 f a ^ l f ss .? ^ S*f ^ RAM is currenUy 

i r.L n»w. /• u- i. i niii j. . 20 reading back out or that address. When the RAM input and 

cycle o the RAM test in winch a particular RAM address is out t § data fail t0 match> comparator 52 mtts the P CERR 

tested, the CERRX signal output of glue logic 33 indicates The CERR signal drives a set input of an RS flip-flop 

whether the RAM 12 address last tested by particular core 54 reset by a RESET signaj at the start £ f a test Ri £ ^ 

wrapper 14 passed the test and the DONEX signal indicates produccs a FAIL signal at its Q output. When data com- 

when the CERRX signal is valid. The sequence of CERR 25 parator 52 first detects a faulty RAM address, the CERR 

signal bit states produced during a RAM test acts as a map s j gna i xis flip-flop 54 to assert the FAIL signal. Flip-flop 54 

of the failed addresses of the particular RAM 12 controlling then continues to assert the FAIL signal until tester 21 resets 

the CERR output of glue logic 33 . To provide such a bit map it. 

for each RAM 12, tester 21 repeats the RAM test for each An XOR gate 53 combines the RAM 21 data input 

RAM 12, sending selection data via the JTAG bus to 3Q produced by pattern generator 50 and the data read out of 

reconfigure glue logic 33 before each test to select the RAM 21 to produce a RESULT data word supplied as input 

DONE and CERR outputs of the core wrapper 24 of the to scan register 46. Each bit of the RESULT data word 

RAM 12 to be next tested. corresponds to a bit of RAM 12 output data and indicates 

whether that bit matches a corresponding bit of input data. 

CORE Wrapper Architecture i n the bit map mode, tester 21 pulses the CAPTURE signal 

FIG. 6 illustrates a typical core wrapper 24 of FIG. 5 in 35 Une . of l ^ SC f^ bus t0 ca P ture , the R *S£J data * "» 

more detailed block diagram form. Core wrapper 24 is register 46 and then repeatedly pulses a SHIFT signal line of 

designed to carry out any of the above -described test modes f « bu f ^ a g? ™ ™f* er * to **** CaptUred 

on a RAM of any size without modification. Core wrapper data 0Ut 0nt0 the S ^"I I 1 ,1 7 ! ° f th ? ^ ^ A 

24 includes a RAM test circuit 40, clocked by a CLOCK 40 m , C ° rc 24 , of 5 ™? b * implemented as 

c,-» n .i fr« m ir, M wn n (v;ir « f nr r~* nnn A; nn i« standard cells easily incorporated without modification 

SS t i L 1 a \ ' reSP ° ndm ? 10 " 1DPU into the design of any IC 10 having one or more embedded 

o^LTt^ I ^ 30C6 f 10g C u RAMs 12, eVen though RAMs 12 of FIG. 5 may have 

RAM 12 (FIG 5) and for comparing data wntten into each differin addfess * Smce the m produced 7 by the 

address with data thereafter read out to determine whether paUera generator 50 within each core wrapper 24 must 

they match. Test circuit 40 asserts a FAIL output signal 45 match thc characteristics of the RAM 12 being tested, MIN 

whenever it detects a defective RAM address and thereafter and MAX control data stored in the JTAG register 55 defines 

continues to assert the FAIL signal until the end of the test. the range of RAM 12 addresses each core wrapper 24 is to 

RAM test circuit 40 also briefly pulses a "current error" tesl , with separate MIN and MAX data provided to each 

output signal (CERR) whenever it detects a defective RAM core wrapper 24, the core wrappers are able to concurrently 

address and pulses an output DONE signal either after 50 test RAMs 12 of differing size. Tester 21 may write the MIN 

testing each RAM address (bit map or word map modes) or and MAX data into JTAG register 55 via JTAG bus 25 

after it has tested all addresses (pass/fail mode). before the start of a test. 

Core wrapper 24 includes a scan register 46 for storing Pattern generator 50 can generate either of two types of 

data, address and control signals appearing on bus 32 in output data patterns that sequence RAM addresses in two 

response to the CAPTURE signal from tester 21 and shifts 55 different ways. A RAM 21 is typically organized into an 

out its stored data onto the SHIFT__OUT line of scan bus 23 array of rows and columns of addressable memory cells and 

in response to successive pulses of the SHIFT signal from a cell's address includes the addresses of its row and 

tester 21. column. Pattern generator 50 can be configured to write and 

Core wrapper 24 also includes a set of multiplexers 42-44 read address each successive cell of a row before moving on 

under control of a MODE signal for alternatively connecting 60 to a next row ("fast row mode") or to write and read address 

the control (CNT), address (ADDR), and data in (DI) input each cell of a column before moving on to a next column 

ports of RAM 12 (FIG. 5) selectively either to test circuit 40 ("fast column mode") The choice of fast row or column 

or to control (CONT), address (ADDRESS) and data in mode depends on whether RAM 12 can respond faster to a 

(DATA_IN) lines of RAM bus 32 leading to logic circuits change in row or column address. Tester 21 of FIG. 5 writes 

14 and 16 of FIG. 5. A multiplexer 48 under control of a 65 a ROW/COL word into JTAG register 55 via JTAG bus 25 

FORCE signal line of the scan bus normally connects the to tell it whether it is to operate in the fast row or fast column 

data out (DO) output port of RAM 12 to both test circuit 40 mode. 
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Tester 21 also sets and then resets a RESET bit stored in 
JTAG register 55 to reset flip-flop 54 and to place pattern 
generator 50 in an initial state, sets a MODE bit in register 
55 to switch multiplexers 42-44, sets a DIAG bit in register 
55 to indicate when pattern generator is to operate in the bit 
map or word map mode, and sets a START bit in register 55 
to signal pattern generator 50 to begin a test. SKEW data 
tester 21 writes into JTAG register 55 tells pattern generator 
50 how to adjust the relative timing of the CONT, ADDR 
and DI signals it produces in order to accommodate the 
signal timing of the RAM under test. 

Controller Partitioning 

As illustrated in FIG. 5 and discussed herein above, IC 
tester 21 may use the JTAG bus to configure core wrappers 
24 and glue logic circuit 33 to carry out any of the above- 
described modes of operation and may use the ROW/COL 
and SCAN buses during the test to acquire data produced by 
the core wrappers and glue logic circuit 33. However as 
described below, much of the BIST control functions of 
tester 21 may be assumed by dedicated controllers either 
internal or external to IC 10 without any modifications to 
core wrappers 24 or glue logic circuit 33. The manner in 
which we choose to implement control functions depends on 
many factors. For example when there is available space 
within IC 10, when we are interested in minimizing the 
number of terminals IC 10 needs to convey information 
between tester 21 and BIST circuit 11, and when we want to 
limit the need for tester resources, we can include a BIST 
controller inside IC 10. Otherwise we can implement the 
controller in the form of a separate IC located outside IC 10. 
Or BIST control functions can be shared by internal and 
external controllers. 

IC Tester/BIST Controller 

FIG. 7 illustrates an alternative embodiment of the test 
system of FIG. 5 in which an internal BIST controller 64 has 
been included in IC 10 for assuming various functions of IC 
tester 21 in configuring and controlling core wrappers 24 
and glue logic 36. BIST controller 64 is suitably a conven- 
tional pattern generator for producing an appropriate 
sequence of patterns on the JTAG and RC (ROW/COL) 
buses when IC tester 21 commands it to start a test, for 
example, by a dedicated START signal. BIST controller 64 
produces the same sequence of control data that tester 21 
would otherwise have to provide on the RC and JTAG buses 
in order to configure glue logic 36 and core wrappers 24 to 
carry out various tests on RAMs 12 and to start their test 
operations. Since pattern generators capable of carrying out 
the function of BIST controller 64 are well-known, BIST 
controller 64 is not further detailed herein. 

Installing a BIST controller 64 on IC 10 allows us to 
reduce use of IC tester 21 resources and to reduce the 
number of IC 10 terminals needed to interconnect IC tester 
21 to IC 10. Table I lists the connections needed between IC 
tester 21 and IC 10 for each of the test modes when BIST 
controller 64 is installed on IC 10. 

TABLE I 



TEST MODE 



CONNECTIONS 



All Modes 
Pass/Fail 
Scan Capture 
Scan Force 



CLOCK, START 
DONEX, FAILX 
SCAN bus 
SCAN bus 
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TABLE I-contimied 





TEST MODE 


CONNECTIONS 


5 


Bit Map 


SCAN bus, READY 




Word Map 


CERRX 



A JTAG bus connection between IC 10 and tester 21 isn't 
1Q required since BIST controller 64 produces the appropriate 
patterns on the JTAG bus. However when available, tester 
21 could use the JTAG bus to send a START command to 
BIST controller 64 instead of directly sending a dedicated 
START signal to BIST controller 64. The SCAN bus con- 
]5 nection from tester 21 is needed only when either scan 
capture, scan force or bit map mode testing is needed. The 
CERR signal of the RC bus is needed only when a Word map 
mode test is to be performed. 
Those skilled in the art will appreciate that the test control 
20 pattern BIST controller 64 produces on the JTAG and RC 
buses in response to the START signal can be programmed 
into BIST controller 64 at the mask level. However this 
requires BIST controller 64 to be custom-designed for each 
IC in which it is installed because the nature of the test 
25 pattern it must produce depends on the size and number of 
embedded RAMs 12 and on nature of tests to be performed. 
However BIST controller 64 can be implemented as a 
conventional programmable pattern generator programmed 
by input data supplied, for example, via a JTAG or similar 
30 bus from an external host computer or other data source. In 
such case the BIST controller 64 can be implemented as a 
standard cell that may be incorporated into any IC employ- 
ing one or more core wrappers 24 regardless of the number 
or size of embedded RAMs to be tested and regardless of 
which tests are to be performed. When glue logic circuit 33 
is also programmable, the test system can be implemented 
entirely as standard cells that do not need to be modified to 
accommodate the size or test requirements of the RAMs 
embedded in the IC. 

Tester and External BIST Controller 

FIG, 8 illustrates an alternative version of the test system 
of FIG. 5 in which IC 10 is mounted on a "load board" 66, 
a conventional printed circuit board for holding IC 10 and 
for routing signal between tester 21 and IC 10 during tests. 
When it is not possible or otherwise desirable to install a 
BIST controller within IC, the function of internal BIST 
controller 64 of FIG. 7 can be implemented by an external 
BIST controller 68, a separate IC suitably mounted on load 
board 66. External BIST controller 68 may be similar in 
nature and operation to internal BIST controller 64 of FIG. 
7. Although an external BIST controller 68 requires us to 
provide more IC 10 terminals than the internal BIST con- 
troller 64 of FIG. 7, it nonetheless allows us to minimize the 
required number of IC tester 21 channels. 

External BIST Controller Only 

In some applications it may be desirable for all functions 
of tester 21 of FIG. 5 to be carried out by a dedicated 
external BIST controller. FIG. 9 illustrates an embodiment 
of the test system including a load board 66 holding IC 10, 
a RAM 70 and a programmable BOST controller 71 clocked 
by a CLOCK signal from a source that may be internal or 
external to load board 66. An external host computer 74 
65 writes a test program into RAM 70 via conventional com- 
puter bus 76, and then sends a START command to BOST 
controller 71 via bus 76 telling it to execute that test 



35 



40 



45 



50 



55 



60 



02/13/2004, EAST version: 1.4.1 



US 6,51 

15 

program. The program stored in RAM 70 tells BOST 
controller 71 to carry out all test functions that might 
otherwise be carried out by tester 21 of FIG. 5 including 
supplying test pattern inputs to logic circuits 14, 16 via the 
I/O terminals of IC 10, supplying control signal patterns to 
core wrappers 24 and glue logic circuit 36 via the RC, SCAN 
and JTAG buses, and appropriately processing IC output 
data appearing on the I/0[,] and SCAN buses. RAM 70 of 
FIG. 9 may replaced with a read only memory (ROM) 
storing a test program appropriate for IC 10. In such case 
host computer 74 need only supply a START command to 
BOST controller 71 and acquire test results — it need not 
actively program the BOST controller 71. 

BIST/BOST Controllers 

FIG. 10 illustrates an embodiment of the test system 
similar to that of FIG. 9 except the BIST control functions 
are shared by an internal BIST controller 64 and external 
BIST controller 71. This reduces the number of I/O termi- 
nals of IC 10. 

BIST Controller Only 

FIG. 11 illustrates an embodiment of the test system of the 
present invention in which a BIST controller 64 connected 
to the JTAG and RC buses independently carries out a 
pass/fail test on RAMs 12 in response to an input START 
signal from any source. The START signal may, for 
example, be generated by an internal IC circuit on system 
start up or by any circuit external to IC 10. The only IC 
output is the FAILX signal provided by glue logic circuit 36. 
The FAILX signal can, for example, be used to trigger an 
alarm. This system is useful for testing RAMs 12 when IC 
10 is in its normal working environment and not accessible 
to external test equipment. 

BOST Circuit 

When it is convenient to connect the buses logic circuits 
14, 16 employ to access RAMs 12 to I/O terminals of IC 10, 
the functions of core wrappers 34, glue logic 36 and BIST 
controller 68 of FIG. 8 can be implemented by a built 
off -chip self test (BOST) p circuit 67 (FIG. 12), an integrated 
circuit mounted on load board 66. While use of BOST circuit 
67 does not eliminate the need for bringing the buses 
accessing RAMs 12 to I/O terminals of IC 10, BOST circuit 
67 reduces the number of channels tester 5 needs to test IC 
10. BOST circuit 67 may be implemented, for example, by 
an appropriately programmed field programmable gate array 
(FPGA). 

Core Wrapper Pattern Generator 

FIG. 13 illustrates pattern generator 50 of FIG. 6 in more 
detailed block diagram form. Pattern generator 50 includes 
a data generator 70 clocked by a DATA CLOCK signal from 
a sequencer 72 for producing the data pattern to be placed on 
the data input lines (DI) of RAM 12 (see FIG. 6). A pair of 
pseudorandom number generators 74 and 76 respond to a 
row address clock signal or a column address clock signal 
from sequencer 72 by producing a sequence of row or 
column numbers (ROW or COL) spanning the widest ranges 
of RAM row and column addresses that the BIST system is 
capable of handling. A pseudorandom generator is similar to 
a counter in that it produces a sequence of numbers spanning 
a particular range. However whereas a counter generates the 
number in numerical order, a pseudorandom number gen- 
erator generates them in pseudorandom order. A pseudoran- 
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dom number generator can be implemented with fewer gates 
than a counter. 

A pair of digital filters 78 and 80 filter the ROW and COL 
address outputs of number generators 74 and 76 to produce 

s the address (ADDR) supplied to RAM 12 of FIG. 5. Nor- 
mally filters 78 and 80 simply form their ADDR output by 
combining their ROW and COL address inputs. However 
the MIN, MAX data output of JTAG register 55 of FIG. 6 
is supplied to generators 74 and 76 to tell them the range of 

10 row and column addresses ROW and COL that are within 
the address space of the RAM. If a ROW or a COLUMN 
address is not within the indicated range, filter 78 or 80 
supplies as output the last received ROW or COL address 
input that was within the indicated range. For example let us 

is assume a RAM 12 has an 8-bit ROW address spanning the 
range of 0-255 but that number generator 74 produces a 
16-bit output ROW address 0-65535. Suppose number 
generator 74 produces output ROW address 112 on the nth 
cycle of the ROW address clock but produces address 1112 

20 on the (n+l)th cycle. Then on the nth cycle filter 78 will 
forward its incoming ROW address 112 as the row address 
portion of the output ADDR word and will also save address 
112 in an internal register. On the (n+l)th cycle of the row 
address clock, filter 78 will forward the row address 112 

25 stored in its internal register rather than the current incoming 
row address 1112, because the incoming row address is 
outside the range of RAM being tested. Thus the cell at row 
address 112 is tested twice. 
Askew circuit 81 adjustably delays each of the DI, ADDR 

30 and CNT outputs of data generator 60, filters 78 and 80, and 
sequencer 72 with delays controlled by the SKEW data input 
from JTAG register 55 of FIG. 6. The delays are set to 
accommodate the timing requirements of the R AM under 
test. 

35 

Address Filter 

FIG. 14 illustrates the row filter 78 of FIG. 13 in more 
detailed block diagram form; column filter 80 is similar. 
Referring to FIG. 13, filler 78 includes a register 82 for 

40 storing an incoming ROW address, a comparator 84 for 
determining whether the incoming ROW address is within t 
he range indicated by the input MIN, MAX data and for 
loading the incoming row address into register 82 when it 
does. A multiplexer 86 controlled by comparator 84 selec- 

45 tively provides either the incoming ROW address or a ROW 
address stored in the register depending on the result of the 
comparison. 

Glue Logic 

50 FIG. 15 illustrates a suitable implementation of glue logic 
circuit 33 of FIG. 5 in more detailed block diagram form. 
Glue logic circuit 33 includes a set of programmable logic 
circuits 90, 92 and 94 for respectively producing the FAILX, 
CERRX and DONEX signals in respoase to the FAIL, 

55 CERR and DONE signals produced by core wrappers 24 of 
FIG. 5. A JTAG register 96 receives configuration data 
(CONFIG) from tester 21 via JTAG bus 25 and supplies it 
to programmable logic circuits 90, 92 and 94 to control the 
logic they perform on their input signals. Each logic circuit 

60 90, 92 or 94 is suitably a programmable gate array or similar 
device capable of being programmed to produce its output 
signal, for example, by ANDing, ORing or selecting from 
among its input signals. In embodiments of the invention in 
which the logic functions of glue wrapper 33 are fixed, 

65 programmable logic circuits 90, 92 and 94 can be replaced 
by suitable non-programmable logic circuits. In such case 
JTAG register 96 is not needed. 
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FIG. 16 illustrates an alternative version of the invention 
that is somewhat similar to the embodiment of FIG. 5 and 
similar elements are designated by similar reference char- 
acters. However in the test system of FIG. 16, some of the 
functionality included within core wrappers 24 of FIG. 1, 
along with the function of glue logic 33, has been centralized 
into a BIST controller 100 that communicates with all core 
wrappers 102 of FIG. 16 via a set of control lines and with 
integrated circuit tester 21 via a bus 104. BIST controller 
100 may be implemented within IC 10 as shown if FIG. 16 
or may be implemented external to IC 10. 

FIG. 17 illustrates a typical core wrapper 102 of FIG. 16 
in more detailed block diagram form. Core wrapper 102 has 
many elements in common with core wrapper 24 of FIG. 6, 
and similar elements are designated by similar reference 
characters, however the pattern generator 50, JTAG register 
55 and flip-flop 54 of core wrapper 24 have been replaced in 
core wrapper 102 with a set of devices 110-120. Referring 
to FIGS. 16 and 17, a column address generator 110 and a 
row address generator 112 respectively reset an output 
memory column address (COL) and memory row address 
(ROW) to 0 in response to an input RESET signal from 
BIST controller 100. Thereafter, during a test, column 
address generator 110 changes its output COL address in 
response to each pulse of a column address clock signal 
(COL CLOCK) from BIST controller 100. Similarly row 
address generator 112 changes its output ROW address in 
response to each pulse of a row address clock signal (ROW 
CLOCK) from BIST controller 100. Address generators 110 
and 112 may be counters or may be pseudorandom number 
generators similar to generators 74 and 76 of FIG. 13. 

A pair of filters 114 and 116 (similar to filters 78 and 80 
of FIG. 13) filter the COL and ROW addresses to produce 
output column and row addresses (COL ADDR and ROW 
ADDR) supplied to a skewing circuit 120 (similar to skew- 
ing circuit 81 of FIG. 13). Filters 114 and 116 maintain the 
COL ADDR and ROW ADDR values within an address 
range determined by input MIN,MAX data supplied by 
BIST controller 100. In particular, whenever a COL or ROW 
value is within the indicated address range, filter 114 or 116 
supplies the input COL or ROW value as its COL ADDR or 
ROW ADDR output. However when the COL or ROW 
value goes outside the indicated address range, filter 114 or 
116 supplies as its COL ADDR or ROW ADDR output the 
last value of COL or ROW that was within the indicated 
address range. The MIN/MAX data may be shifted into 
filters 114, 116 of all core wrappers 102 via a serial bus. 

A data decoder 118 acts as a lookup table to decode an 
encoded data word (ENCODED DATA) having a relatively 
few bits provided by BIST controller 100 to produce a wider 
output DATA word to be written into RAM 12 during a test. 
Since the range of DATA word patterns that may be written 
into memory 24 during a test may be small, only a relatively 
small ENCODED DATA word input to decoder 118 is 
needed to select a relatively large DATA word output. This 
helps minimize the Dumber of signal paths between control- 
ler 100 and core wrappers 102 while still allowing controller 
100 to control the sequence of data supplied to RAM 12. 

The DATA value output of decoder 118 provides another 
input to skewing circuit 120. Skewing circuit 120, which 
also receives an input memory read/write control signal (or 
signals) CNT from BIST controller 100, suitably delays the 
CNT, COL ADDR, ROW ADDR and DATA signals to 
provide control (CNT), addressing input (ADDR) and data 
(DI) inputs to RAM 12 via multiplexers 42-44, controlled 
by a MODE signal from BIST controller 100. The CERR 
output of a comparator 52 which compares the RAM's input 
and output data is supplied as an input to BIST controller 
100. 
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BIST controller 100 may be implemented, for example, in 
the form of a programmable gate array programmed by 
tester 21 or any other source of programming data (PROG) 
via a serial bus 106. BIST controller 100 may be pro- 

5 grammed as a state machine to produce a sequence of output 
signal patterns on its output lines to core wrappers 102 that 
will cause core wrappers 102 to test RAM 12. Since BIST 
controller 100 is programmable, the nature of the signal 
patterns it produces and supplies to core wrappers 102 can 
be adjusted to suit the nature of the test to be performed on 
RAMs 12. Core wrappers 102 and BIST controller 102 can 
be used without hardware customization to accommodate a 
wide variety of sizes of RAMs 12 and to provide a variety 
of test patterns. 
The manner in which the functions of core wrappers 102 

15 and BIST controller 100 are partitioned ensures that only a 
relatively small number of control and data lines need be 
routed to several locations on IC 10 in order to test RAMS 
12. This helps to minimize the amount of IC floor space the 
test system requires. The small control and data signal bus 

20 also permits much flexibility in where the control elements 
are physically located. BIST controller 100 can be easily 
moved off IC 10 because the connections to core wrappers 
102 do not require the use of very many IC pins. Note that 
the test system architecture of FIG. 16 parallels that of FIG. 

25 3B. FIG. 3B shows a BIST circuit 7 and a BIST controller 
8 implemented within an integrated circuit 2B and these 
correspond to core wrapper 102 and BIST controller 100 
implemented within integrated circuit 10 of FIG. 16. The 
data and control signal lines linking the core wrappers 102 

30 to BIST controller 100 correspond to bus 4B of FIG. 3B. It 
should therefore be appreciated that BIST controller 100 can 
alternatively be implemented external to IC 10, for example 
on a load board on which the IC is mounted as illustrated in 
FIG. 3A. The function of BIST controller 100 can also be 

3S implemented by IC tester 21 providing a topology similar to 
that illustrated in FIG. 3C. Further, the function of a core 
wrapper 102 can be alternatively implemented by an exter- 
nally mounted BOST circuit, providing a test circuit topol- 
ogy similar to that of FIG. 4. 

40 We have described a test system for an integrated circuit 
having one or more embedded RAMs, wherein the test 
system includes a flexible BIST circuit for testing the 
RAMS, and wherein the BIST circuit may be incorporated 
with little customization into the IC regardless of the 

45 number, size or test requirements of its embedded RAMs. 
We have also described how a controller can configure the 
BIST circuit to accommodate the varying sizes of the 
embedded RAMs and to select from among several modes 
of BIST operation to accommodate the test requirements of 

50 each RAM. We have further shown how the controller 
functions may be conveniently and flexibly partitioned 
between a BIST controller inside the IC, a BOST controller 
outside the IC, and a conventional integrated circuit tester. 
While the forgoing specification has described preferred 

55 embodiments of the present invention, one skilled in the art 
may make many modifications thereto without departing 
from the invention in its broader aspects. The appended 
claims are intended to cover all such modifications as fall 
within the true scope and spirit of the invention. 

60 We claim: 

1. An apparatus for testing a memory embedded in an 
integrated circuit (IQ, wherein said memory includes a 
plurality of addressable memory cells and wherein said IC 
includes a logic circuit linked to said memory for read and 

65 write accessing said memory, the apparatus comprising: 
a (est circuit included in said IC for receiving input MIN, 
MAX data and for successively testing all memory 
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cells of said memory having addresses within a range 
of addresses indicated by said input MIN, MAX data to 
determine whether each memory cell is defective, and 
control means for supplying said MIN, MAX data to said 
test circuit, 

and further comprising switch means included in said IC 
for responding to an input MODE signal by discon- 
necting said logic circuit from said memory and by 
connecting said test circuit to said memory so that said 
test circuit can test the memory cells of said memory, 

wherein said test circuit pulses an output CERR signal 
whenever it determines one of said memory cells is 
defective, 

wherein said test circuit continuously asserts an output 
FAIL signal after determining that any one of said 
memory cells is defective, 
wherein said control means supplies a DIAG signal to 
' said test circuit to tell it test said memory in a bit map 
mode, 

wherein when said test circuit tests said memory other 
than in said bit map mode, it asserts a DONE signal 
when it has completed testing all memory cells of said 
memory, 

wherein when said test circuit tests said memory in said 
bit map mode it pulses said DONE signal when it 
completes testing any one memory cell of said memory 
and waits until it receives a READY signal from said 
control means before testing a next memory cell of said 
memory, 

wherein said control means monitors said DONE signal to 
determine when said test circuit has completed a test. 

2. The apparatus in accordance with claim 1 wherein said 
control means comprises: 

means internal to said IC for generating and supplying 
said MIN, MAX data and said DIAG signal to said test 
circuit, and 

means external to said IC for generating said READY 
signal and for monitoring said CERR, FAIL and DIAG 
signals. 

3. The apparatus in accordance with claim 1 wherein said 
control means comprises: 

a load board for holding said IC, and 

a built-off self test (BOST) circuit external to said IC 
mounted on said load board for generating and supply- 
ing said MIN, MAX data and said MODE, DIAG and 
READY signals to said test circuit and for monitoring 
said CERR, FAIL and DIAG signals. 

4. The apparatus in accordance with claim 1 wherein said 
control means comprises: 

a load board for holding said IC, and 

a built-off self test (BOST) circuit external to said IC 
mounted on said load board for generating and supply- 
ing said MIN, MAX data and said MODE and DIAG 
signals to said test circuit, and 

means external to said load board for generating said 
READY signal and for monitoring said CERR, FAIL 
and DIAG signals. 

5. The apparatus in accordance with claim 1 wherein said 
control means comprises: 

a load board for holding said IC, 

a built-off self test (BOST) circuit external to said IC 
mounted on said load board for generating and supply- 
ing said READY signal to said test circuit and for 
generating said READY signal and for monitoring said 
CERR, FAIL and DIAG signals, and 
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means internal to said IC for generating and supplying 
said MIN, MAX data and said MODE and DIAG 
signals to said test circuit. 

6. The apparatus in accordance with claim 1 further 
comprising: 

a scan register implemented within said IC, and 
a scan bus linking said scan register to said control means, 
wherein said scan register stores data appearing at input 
and output ports of said memory in response to an input 
CAPTURE signal supplied to said scan register by said 
control means via said scan bus, 
wherein said scan register shifts out its stored data to said 
control means via said scan bus in response to pulses of 
a SHIFT signal supplied to said scan register by said 
control means via said scan bus, and 
wherein when the test circuit tests said memory in the bit 
map mode, said control means supplies said CAP- 
TURE signal to said shift register and pulses said 
SHIFT signal in response to said DONE signal so that 
said scan register shifts out it stored data to said control 
means, said control means thereafter supplying said 
READY signal to said test circuit. 

7. The apparatus in accordance with claim 6 wherein said 
test circuit generates RESULT data after testing each of said 
memory cells, said RESULT data indicating whether each 
bit of data written into that memory cell matches a corre- 
sponding bit of data it thereafter reads back out of that 
memory cell, 

wherein said scan register stores said RESULT data in 
response to an input CAPTURE signal supplied by said 
control means via said scan bus, and 

wherein said scan register also shifts out its stored 
RESULT data to said control means via said scan bus 
in response to pulses of said SHIFT signal. 

8. The apparatus in accordance with claim 7 further 
comprising multiplexing means connected to said scan bus 
for responding to a FORCE signal supplied thereto by said 
control means via said scan bus by disconnecting a data 
output port (DO) of said memory from said logic circuit and 
supplying to said logic circuit said SCAN_INSERT data 
said control means stores in said scan register via said scan 
bus. 

9. An apparatus for testing a memory embedded in an 
integrated circuit (IC), wherein said memory includes a 
plurality of addressable memory cells and wherein said IC 
includes a logic circuit linked to said memory for read and 
write accessing said memory, the apparatus comprising: 

a test circuit included in said IC for successively testing 
all memory cells of said memory, pulsing an output 
CERR signal whenever it determines one of said 
memory cells is defective, and continuously asserting 
an output FAIL signal after determining that any one of 
said memory cells is defective, and wherein in response 
to a slate of an input DIAG signal, said test circuit 
selectively either asserts a DONE signal when it has 
completed testing all of said memory cells or pulses 
said DONE signal each time it completes testing any 
one of said memory cells; and 

a control means for supplying said DIAG signal to said 
test circuit and for monitoring said DONE signal to 
determine when said test circuit has completed a test. 

10. The apparatus in accordance with claim 9 further 
comprising: 

a scan register implemented within said IC, and 

a scan bus linking said scan register to said control means, 
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wherein said scan register stores data: appearing at input 
and output ports of said memory in response to an input 
CAPTURE signal supplied by said control means via 
said scan bus, 

wherein said scan register shifts out its stored data to said 5 
control means via said scan bus in response to pulses of 
a SHIFT signal supplied to said scan register by said 
control means via said scan bus. 

11. The apparatus in accordance with claim 10 wherein 
said test circuit generates RESULT data after testing each of 10 
said memory cells, said RESULT data indicating whether 
each bit of data written into that memory cell matches a 
corresponding bit of data it thereafter reads back out of that 
memory cell, 

wherein said scan register stores said RESULT data in 15 
response to an input CAPTURE signal supplied by said 
control means via said scan bus, and 

wherein said scan register shifts out its stored RESULT 
data to said control means via said scan bus in response 
to pulses of a SHIFT signal supplied to said scan 
register by said control means via said scan bus. 

12. An apparatus for testing a plurality of memories 
embedded in an integrated circuit (IC), wherein each of said 
memories includes a plurality of addressable memory cells, 
wherein at least two of said memories have differing address 
ranges, and wherein said IC includes logic circuits linked to 
said memories for read and write accessing said memories, 
the apparatus comprising: 

a plurality of test circuits included in said IC, each 
corresponding to a separate one of said memories, for 
successively testing all memory cells of the corre- 
sponding memory having addresses within the corre- 
sponding memory's range of addresses as indicated by 
input MIN, MAX data to determine whether each 
memory cell is defective, 

control means for supplying said input MIN, MAX data 
to each of said test circuits, 

switch means included in said IC for responding to an 
input MODE signal by disconnecting said logic circuit 
from said memories and by connecting each said test 
circuit to its corresponding memory so that said test 
circuit can test the memory cells of its corresponding 
memory, 

wherein said control means also supplies said MODE 
control signal to said switch means, 

wherein each said test circuit pulses an output CERR 
signal whenever it determines one of said memory cells 
is defective and continuously asserts an output FAIL 
signal after determining that any one of said memory 
cells is defective, 

wherein said control means supplies a DIAG signal to 
each said test circuit, and 

wherein in response to a state of said DIAG signal, each 
said test circuit selectively either asserts an output 
DONE signal when it has completed testing all of said 
memory cells or pulses said DONE signal each time it 
completes testing any one of said memory cells. 

13. The apparatus in accordance with claim 12 further 
comprising a glue logic circuit for processing output DONE 
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signals of all of said test circuits to provide a single DONEX 
signal provided as input to said control means, for process- 
ing output FAIL signals of all of said test circuits to produce 
a single FAILX signal provided as input to said control 
means, and for delivering one of said output CERR signals 
of said test circuits as input to said control means. 

14. An apparatus for testing a plurality of memories 
embedded in an integrated circuit (IC), wherein each 
memory includes a plurality of addressable memory cells 
and wherein said IC includes logic circuits linked to said 
memory for read and write accessing said memory, the 
apparatus comprising: 

a plurality of test circuits included in said IC, each 
corresponding to a separate one of said Memories, for 
successively testing all memory cells of the corre- 
sponding memory, pulsing an output CERR signal 
whenever it determines one of said memory cells is 
defective, and continuously asserting an output FAIL 
signal after determining that any one of said memory 
cells is defective, and wherein in response to a state of 
an input DIAG signal, said test circuit selectively either 
asserts a DONE signal when it has completed testing all 
of said memory cells or pulses said DONE signal each 
time it completes testing any one of said memory cells; 

glue logic,means for processing the DONE signal output 
of all of said test circuits to produce a single DONEX 
output signal, for processing the CERR output signals 
of all of said test circuits to produce a single CERRX 
output signal, and for processing the FAIL output 
signals of all of said test circuits to produce a single 
FAILX output signal, 

control means for supplying said DIAG signal to said test 
circuit and for monitoring said, CERRX, FAILX and 
DONEX. 

15. The apparatus in accordance with claim 14 further 
comprising: 

a plurality of scan register implemented within said IC, 
each scan register corresponding to a separate one of 
said memories, and 

a scan bus linking said scan registers to said control 
means, 

wherein each test circuit generates RESULT data after 
testing any memory cell its corresponding memory, 
said RESULT data indicating whether each bit of data 
written into that memory cell matches a corresponding 
bit of data it thereafter reads back out of that memory 
cell, 

wherein said scan register stores said RESULT data in 
response to an input CAPTURE signal supplied by said 
control means via said scan bus, and 

wherein said scan register shifts out its stored RESULT 
data to said control means via said scan bus in response 
to pulses of a SHIFT signal supplied to said scan 
register by said control means via said scan bus. 

16. The apparatus in accordance with claim 15 wherein 
each scan register stores also data appearing at input and 
output ports of its corresponding memory in response to said 
CAPTURE signal. 
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